We report on a universal method to achieve and sustain a large mode-hop-free tuning range of an external cavity diode laser based on a model of its mode-structure dynamics. Using this method, we were able to scan 73 GHz mode-hop free by using an uncoated off-the-shelf laser diode with a central wavelength of 785 nm. Our model applies to any laser system requiring synchronization of more than one optical element. © 2008 Optical Society of America OCIS codes: 140.0140, 140.2020 Shortly after the invention of the semiconductor laser [1] [2] [3] it became evident that its properties could be significantly improved by coupling a fraction of the laser light back into the laser diode [4] . Usually this feedback is accomplished by a reflection grating in either the Littrow [5] or the Littman [6] configuration, thus forming an external cavity between the laser diode's front facet and the grating. By rotating and moving the grating with piezo actuators it is possible to scan the wavelength, which makes the external cavity diode laser (ECDL) suitable for many applications such as precision spectroscopy [7] . Most applications require that the wavelength scan be free of mode hops; i.e., the wavelength must vary continuously over time. Setting up and maintaining a large mode-hop-free tuning range is difficult, since the external and the internal cavity formed by the end facets of the semiconductor itself need to be tuned synchronously. This is usually achieved by a technique referred to as feed forward, i.e., a simultaneous adjustment of the laser diode current while ramping the piezo voltage. Mainly two problems occur. First, the components do not generally respond in a linear fashion. Second, vibrations and thermal fluctuations lead to mode hops. This requires a continuous control of the voltage ramps to current and piezo actuators. The internal and external cavities can be treated as Fabry-Perot resonators. The mode structure is then given by the Airy formula
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The internal and external cavities can be treated as Fabry-Perot resonators. The mode structure is then given by the Airy formula
where ␦ is the change in phase and F the finesse of the cavity. Assuming a constant gain over the wavelength region of interest and taking into consideration the feedback profile of the grating, the coupled mode structure of the ECDL can be easily visualized (see Fig. 1 ). The coupling coefficient c 0 represents the feedback profile of the grating and has been calculated by adapting a model of injection seeding [8] . In this model the beam reflected by the grating serves as the seed for the laser diode. The mode with the highest transmission will obtain the highest effective gain and will be the lasing wavelength. It is advantageous to view the mode structure in a simplified way by considering only the peaks of the transmission profile (see Fig. 2 ). The distance between two peaks is the free spectral range (FSR) of the respective cavity. Tuning the wavelength can be modeled as a change in time of the FSR of the internal and external cavities. Assuming a linear time dependence, this behavior can be written as
where c int͑ext͒ is the rate of change of the respective FSR. For the laser diode, c int is proportional to the slope of the current ramp. For the piezo actuator, c ext is proportional to the slope of the voltage ramp. For each point in time during a scan the active mode is given by the smallest distance between two peaks, one of each resonator. In principle, the active mode is also influenced by parameters such as the gain profile and the feedback characteristics of the grating. Both effects are negligible, however, since the gain profile is very broad and we only translate the grating. Thus, a mode hop occurs when the condition
is fulfilled, where
is the distance of an internal mode to the closest external mode lying ahead in frequency space. Here, the floor function x represents the largest integer that is less than or equal to x. Figure 2 shows the mode structure of both resonators for three different times during a wavelength scan. The active mode is marked by a solid bar. Given a certain ratio of the tuning rates, Eqs. (3) and (4) can be used to calculate the points in time for mode hops. Figure 3 shows the positions of the mode hops as a function of the tuning rate of the internal FSR. When the tuning rate c int is approaching zero, a lot of mode hops occur. Increasing the tuning rate c int reduces the number of mode hops and shifts them to later times, until the scan is mode-hop free for an optimum value of c int . A further increase of the tuning rate moves the mode hops back into the time window. This behavior allows us to derive an error signal for our control algorithm, which will be discussed below.
To verify our model, we set up an ECDL based on [9] . In contrast to the design presented in [5] , this setup employs three piezo actuators to rotate and translate the grating. The ECDL is equipped with an off-the-shelf laser diode (Sanyo DL7140-201S, 785 nm) without antireflection coating. The facet's Fresnel reflectivity is about 30%. A personal computer equipped with two DAQ cards is used to control the current source for the laser as well as the driver for the piezo actuators.
The ECDL output is monitored by a high-finesse interferometer (Toptica, FPI 100, FSR= 1 GHz) with a finesse of at least 300. In addition, a low-finesse etalon and a photodiode are used to detect the occurrence of mode hops during a scan. They are detected by discontinuities in laser output power, discontinuities in the transmission signal of the low-finesse etalon, or varying separations of the transmission peaks of the high-finesse etalon.
The FSR of the external resonator was tuned with a fixed rate, whereas the tuning rate of the internal FSR was varied. The points in time at which mode hops occurred were recorded and plotted as a function of that rate (see Fig. 4 ). The lack of data points toward high values of the tuning rate is due to the fact that a further increase of the laser diode current would have exceeded the laser diode's specifications. The data are in very good agreement with the model (Fig. 3) . We never observed multimode operation with the diode laser employed in our setup. However, detection of such behavior should be possible.
By comparing the positions of mode hops in time for two scans with different FSR tuning rates, it is possible to decide which one is closer to the optimal tuning rate. To derive a measure of the quality of a particular scan, we summed over the times at which mode hops occur. This sum decreases when approaching the optimal tuning rate and equals zero when mode-hop-free tuning is reached. For all detection techniques of the mode hops described earlier, distinct algorithms were implemented in LabView to control the laser diode current and the piezo actua- tors based on this method. Despite being slightly different in details, the basic principle of the algorithms is identical: while keeping the tuning rate of the external FSR fixed, the algorithms vary the tuning rate for the laser diode current. Using any of the algorithms, the ECDL tunes to mode-hop-free operation within a few seconds. Furthermore, the algorithms readjust the tuning rates if suddenly mode hops occur due to vibrations or thermal fluctuations. Using the photodiode or the low-finesse etalon, small adjustments are enough to recover mode-hop-free tuning. When employing the high-finesse etalon, the optimization cycle is started over. In each case, modehop-free tuning is recovered within a few scans. This feature could be particularly valuable in sensing applications [10] .
It is well known that piezo actuators do not respond absolutely linearly to an applied voltage. Thus, a linear change in FSR requires a nonlinear voltage ramp. Therefore, the algorithm was extended to generate nonlinear voltage ramps, with an automatic adaptation of their shapes. By dividing the ramp into independent segments, the algorithm finds the optimum slope for each segment. To avoid discontinuities in the ramp pattern, all grid points are then connected by a spline.
By using this nonlinear ramp, we were able to enlarge the mode-hop-free tuning range significantly to 73 GHz (see Fig. 5 ). The tuning range was limited by the translation range of the piezo actuators and the maximum current of the laser diode. With a linear ramp we only achieved tuning over 50 GHz. When keeping the diode laser current constant, a modehop-free tuning range of only 3 GHz was possible.
In summary, we presented a model for the times at which mode hops occur during a scan of an ECDL. On the basis of this model we have implemented an algorithm tuning an ECDL equipped with an uncoated off-the-shelf laser diode by controlling the grating position and diode laser current with a personal computer. The algorithm allows us to sustain mode-hopfree tuning. Using our methods, we were able to scan 73 GHz without mode hops at around 785 nm with an off-the-shelf uncoated laser diode. The method does not require more care in the alignment of the system than other comparable configurations and is fully automated. While our mode-hop-free tuning range is not as large as the one reported in [11] , our setup is considerably less complex. It can be readily adapted to diode lasers operating at other wavelengths. Furthermore, it should be possible to adapt the technique for any laser system requiring synchronization of the tuning of different optical elements, such as Ti:sapphire or dye lasers. 
